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Introduction {#sec006}
============

Population-level tuberculosis (TB) surveillance programs and research studies frequently report all persons born outside the country in which the study is conducted under a single label--typically "foreign-born"--without stratification based on birth country incidence or age at immigration \[[@pone.0216271.ref001]--[@pone.0216271.ref005]\]. In these studies, a person who immigrated from a low TB incidence country (\<10 cases/100,000 population) \[[@pone.0216271.ref006]\] as an infant, and an adult recently arrived from a high-incidence country would be similarly classified, despite likely having very different TB exposure histories.

Similar to other low-incidence settings, TB rates in Canada are considered to be largely driven by reactivation of latent TB infection (LTBI) acquired prior to immigration, with active TB disease most frequently diagnosed within the first two years after immigration \[[@pone.0216271.ref007],[@pone.0216271.ref008]\]. Furthermore, 70% of active TB cases are diagnosed in persons born outside of Canada, with the majority of cases occurring in people born in high incidence countries \[[@pone.0216271.ref009]\]. Accordingly, most low incidence countries focus on targeted screening of persons emigrating from countries with high TB incidence rates \[[@pone.0216271.ref010]--[@pone.0216271.ref012]\], with thresholds ranging from \>15 cases to \>100 per 100,000 \[[@pone.0216271.ref013]\]. In Canada, this threshold is defined as ≥30 cases per 100,000 population \[[@pone.0216271.ref014]\]. Therefore, focusing on identifying TB among "foreign-born" populations in low incidence settings such as Canada may be appropriate in the scenario of immigration screening, given that the time of immigration is a defined contact point when targeted interventions can be initiated. However, the categorization of large groups of people as "foreign-born" may mask important TB epidemiologic trends and not accurately reflect local transmission patterns.

The objective of the following study was to examine how more detailed reporting of immigration-related demographics, particularly TB incidence in country of birth, years since immigration, and age at immigration refines our understanding of TB epidemiology and local TB spread. For this study, we leveraged data from two population-level datasets \[[@pone.0216271.ref015],[@pone.0216271.ref016]\]--to our knowledge the largest TB epidemiologic databases in Canada--allowing for in-depth analyses of both LTBI reactivation and locally transmitted TB cases in the province of British Columbia (BC). This is important for developing effective TB prevention strategies and public health efforts in low-incidence, high migrant-receiving settings.

Methods {#sec007}
=======

Study population and design {#sec008}
---------------------------

This study is part of a large initiative aimed at reducing the incidence of active TB in BC, through both the identification of high-risk populations to improve LTBI screening and treatment, and prevention of transmission in the province \[[@pone.0216271.ref017]\]. We have previously published results from a study focused on identifying populations who are at highest risk of developing active TB after immigration to BC, based on demographic characteristics at the time of arrival \[[@pone.0216271.ref016]\]. To address the issue of transmission within BC, we also recently published a 10-year retrospective study using 24-locus Mycobacterial Interspersed Repetitive Units-Variable Number of Tandem Repeats (MIRU-VNTR) genotyping \[[@pone.0216271.ref015]\]. The datasets arising from these two studies provided an opportunity to extend our analyses to examine how stratifying persons born outside Canada according to immigration-related demographics is important for our understanding of TB epidemiology and transmission, which we report here.

### Immigration cohort {#sec009}

Briefly, in the first cohort, we linked records from the BC Provincial TB Registry \[[@pone.0216271.ref018]\] to data for from the Immigration, Refugees and Citizenship Canada (IRCC) Permanent Residents database and Population Data BC health administrative databases \[[@pone.0216271.ref019],[@pone.0216271.ref020]\]. The databases and linkage methods have been described previously \[[@pone.0216271.ref016]\]. The cohort for this study included all individuals (*n* = 337,492) who immigrated to Canada and became BC residents between 2005 and 2012.

### Genotyping cohort {#sec010}

Transmission between individuals in most low-incidence countries is established through a combination of contact investigation and genotyping of *Mycobacterium tuberculosis* (*Mtb*) isolates obtained from culture-positive cases \[[@pone.0216271.ref021]--[@pone.0216271.ref023]\]. Genotypic clustering may indicate local transmission; however, interpretation of clustering and likely direction of transmission relies on knowledge gained through molecular epidemiology studies that integrate demographic characteristics, such as country of birth, time since immigration, age, and social/behavioural risk factors, with genotyping results \[[@pone.0216271.ref015],[@pone.0216271.ref024],[@pone.0216271.ref025]\]. Therefore, separately, in a second cohort, we extracted individual-level clinical, demographic and risk factor (e.g. HIV, substance use) data from the BC Provincial TB registry \[[@pone.0216271.ref018]\] and linked these to genotypic data (24-locus MIRU-VNTR) representing 99.3% of all culture-positive TB cases in BC, 2005--2014, as previously described \[[@pone.0216271.ref015]\]. It should be noted that this cohort included foreign-born visitors, temporary and permanent residents as well as Canadian-born residents, whereas due to the nature of the available databases, the immigration population cohort included only permanent residents.

Statistical analysis {#sec011}
--------------------

Birthplace TB incidence rates were derived from yearly country-level incidence data (all forms of TB/100,000 population) \[[@pone.0216271.ref026]\]. Incidence categories were defined as medium-to-low (\<30 cases/100,000), and high (≥30 cases/100,000). Within the immigration cohort, TB rates according to years since immigration, age at time of immigration, and TB incidence in birth country, were calculated as the number of TB cases per 100,000 person-years of follow-up time in BC. Within the genotyping cohort, active TB case counts were summarized stratified by TB incidence in country of birth and represented graphically, with trends over time evaluated by linear regression. We categorized individuals has having arrived \<10 years or ≥10 years prior to TB diagnosis based on a recent study indicating differences between these groups \[[@pone.0216271.ref027]\], and our recent publication suggesting that TB rates level off after approximately 10 years post-immigration \[[@pone.0216271.ref016]\]. Large genotype clusters were defined arbitrarily as ≥10 cases. We compared demographics and genotypic clustering of individuals between groups using summary statistics including median, interquartile range (IQR) and Mann--Whitney U tests, where appropriate. Analyses were conducted in SAS (v 9.3) and R (v3.4.1).

Ethics approval was granted by the University of British Columbia (certificates \#H16--00265, \#H12-00910). Patient consent was not required as data was collected as part of routine surveillance and public health activities.

Results {#sec012}
=======

Tuberculosis incidence rates and case counts {#sec013}
--------------------------------------------

We analyzed TB incidence rates among 337,492 permanent residents arriving in BC from 2005 through 2012 and found the overall rate in persons from high-incidence countries (27.8/100,000 person-years) was 12-fold higher than in those born in a medium-to-low incidence country (2.3/100,000 person-years). Furthermore, TB incidence rates in BC remained higher among residents from high-TB incidence countries for at least five years after arrival with those arriving from high-incidence countries having an incidence of 40.0/100,000 person-years compared to individuals from medium-to-low countries with less than 1 active TB case per 100,000 person-years (data not shown).

Case counts in the genotyping cohort reflected a similar pattern--amongst culture-confirmed TB diagnoses in which birthplace was known (*n* = 2,229), the number of cases was lowest in persons born outside Canada in regions with medium-to-low TB incidence ([Fig 1](#pone.0216271.g001){ref-type="fig"}). While case counts over time slightly decreased in this medium-to-low TB incidence group (*p* = 0.047) and were stable in the Canadian-born group (*p* = 0.246), after 2010, they increased in persons from high-incidence countries (*p* = 0.005).

![Trends in active tuberculosis diagnoses in British Columbia, Canada.\
Number of culture-confirmed cases over a 10-year period categorized by birthplace: Outside Canada (H---high-incidence countries \[≥30 per 100,000\], M/L---medium-to-low-incidence countries \[\<30 per 100,000\]), Canada.](pone.0216271.g001){#pone.0216271.g001}

Age and time since arrival varies across immigrant groups {#sec014}
---------------------------------------------------------

We next examined the various sub-populations with active TB using the genotyping cohort. Our study sample consisted of 2,229 genotyped isolates for which country of birth was known. The majority of persons born outside Canada were from a high-incidence TB country (93.8%, *n* = 1,540), compared to 6.2% (*n* = 101) that were from medium- or low-incidence TB countries ([Fig 2](#pone.0216271.g002){ref-type="fig"}). Categorizing each incidence group by time from immigration to diagnosis--within 10 years and ≥10 years--revealed demographic and genotype clustering differences ([Table 1](#pone.0216271.t001){ref-type="table"}). Notably, individuals from medium-to-low incidence countries arriving in Canada ≥10 years prior to diagnosis were distinct. This group had a significantly lower (*p*\<0.01) age at immigration with a median age of 28 years (IQR: 12--35), and considerably higher (*p*\<0.001) number of years since immigration (median: 39 years, IQR: 23--53) compared to all others in which the median age at immigration ranged from 33--41 and median years since immigration 3--19. Age at diagnosis appeared to trend towards older ages for persons having arrived in Canada ≥10 years prior with median ages of 67 years (IQR: 49--78) and 72 years (IQR: 54--79) for persons from high-incidence and medium-to-low incidence countries, respectively. This is considerably higher than the median ages seen for those having emigrated less than 10 years prior to diagnosis, 36 (IQR: 26--51) and 42 (IQR: 29--55).

![Flow diagram.\
Culture-positive tuberculosis cases in British Columbia, Canada (2005--2014).](pone.0216271.g002){#pone.0216271.g002}

10.1371/journal.pone.0216271.t001

###### Characteristics of persons born outside Canada in high-incidence (≥30 per 100,000) and medium-to-low incidence (\<30 per 100,000) tuberculosis countries according time to diagnosis after arrival category[\*](#t001fn002){ref-type="table-fn"}, British Columbia, Canada (2005--2014).

![](pone.0216271.t001){#pone.0216271.t001g}

  Characteristic                                                                Diagnosed \<10 years after arrival   Diagnosed ≥10 years after arrival                 
  ----------------------------------------------------------------------------- ------------------------------------ ----------------------------------- ------------- -------------
  Total---*n*                                                                   644                                  15                                  855           81
  Demographics                                                                                                                                                         
      Age at immigration---median (IQR)                                         33 (24--47)                          37 (26--50)                         41 (27--57)   28 (12--35)
      Age at diagnosis---median (IQR)                                           36 (26--51)                          42 (29--55)                         67 (49--78)   72 (54--79)
      Years since immigration---median (IQR)                                    3 (1--5)                             3 (0--6)                            19 (14--28)   39 (23--53)
      Cases with ≥1 risk factor[†](#t001fn003){ref-type="table-fn"} ---*n*(%)   21 (3.7)                             2 (16.7)                            29 (4.2)      7 (11.9)
  Clustering                                                                                                                                                           
      Clustered---*n*(%)[‡](#t001fn004){ref-type="table-fn"}                    205 (31.8)                           4 (26.7)                            249 (29.1)    22 (27.2)
        Canadian-born cluster---*n*(%)[§](#t001fn005){ref-type="table-fn"}      2 (1.0)                              1 (25.0)                            9 (3.7)       15 (75.0)

Abbreviations: IQR, interquartile range.

\*Year of immigration unavailable (*n* = 52).

†Risk factors: HIV positive, illicit drug use, and alcohol misuse. Risk factor data unavailable (*n* = 271).

‡Cluster: ≥ 2 patients that share an identical genotype (24-locus MIRU-VNTR).

§Cluster with \>50% Canadian-born individuals; denominator is the number of isolates clustered for each incidence category.

Tuberculosis transmission varies according to incidence in country of birth {#sec015}
---------------------------------------------------------------------------

Of the 1,641 persons born outside Canada 69.8% (*n* = 1,146) grew a TB isolate with a unique genotype, suggestive of LTBI reactivation. For genotypic clustering the proportion of individuals with *Mtb* isolates belonging to a cluster was comparable between those born outside Canada in a medium-to-low incidence country (25.7%) and those born in a high-incidence country (30.5%), [Fig 2](#pone.0216271.g002){ref-type="fig"}. Despite this similarity, closer examination of these groups revealed a number of differences. First, the proportion of cases with *Mtb* isolates genotypically clustered with Canadian-born persons was largest for those from medium-to-low incidence countries, and 87.5% (14/16) of these belonged to large clusters (≥10 cases) consisting of predominantly Canadian-born persons and representing known local transmission ([Fig 3](#pone.0216271.g003){ref-type="fig"}). Second, nine of 71 (12.7%) persons born in medium-to-low incidence countries with available data reported risk factors, including HIV and substance use, and seven of these individuals had *Mtb* isolates that genotypically matched isolates from Canadian-born persons. This suggests that these individuals acquired their infection in BC related to risk factors other than birth outside Canada. In contrast, among large genotypic clusters consisting of predominantly foreign-born persons within which individuals were from similar regions of the world e.g. MClust-149 consists of persons from different countries in southern Asia ([Fig 3](#pone.0216271.g003){ref-type="fig"})--clusters that epidemiologic field work suggests largely arose from LTBI reactivation of strains circulating overseas, all of these 119 (100%) people emigrated from high-incidence TB countries, and none reported HIV or substance use. Overall, only 3.3% (50/1499) of persons born in high-incidence countries reported such risk factors.

![Tuberculosis frequencies by birthplace incidence in large genotypic clusters.\
The number of tuberculosis cases for each large (≥10 persons) genotypic cluster in British Columbia, Canada (2005--2014) by cluster type: (A) predominantly Canadian-born and presumed to represent local transmission; (B) predominantly persons born outside Canada and presumed to largely represent reactivation of LTBI. Coloured to indicate persons born outside Canada (H---high-incidence countries \[≥30 per 100,000\], M/L---medium-to-low incidence countries \[\<30 per 100,000\]), or Canadian-born.](pone.0216271.g003){#pone.0216271.g003}

Shifting focus to the characteristics of persons with ≥10 years in Canada ([S1 Table](#pone.0216271.s001){ref-type="supplementary-material"}), 77.3% (17/22) of those from medium-to-low incidence countries with genotypically clustered isolates were male and had a considerably lower median age at immigration of 9 years (IQR: 4--26, *p*\<0.001) and lower median age at diagnosis of 53 years (IQR: 46--60, *p*\<0.01) compared to all other groups ([Fig 4](#pone.0216271.g004){ref-type="fig"}). Within this group 68.2% (15/22) were born in the United States or Europe (exclusive of Eastern Europe). Regardless of clustering status persons born in medium-to-low incidence countries had arrived in Canada earlier (median year: 1968, IQR: 1957--1986) compared to those from high-incidence countries (median year: 1991, IQR:1982--1995), reflecting changes in migration patterns and representing a birth cohort effect. Overall, even within this sub-group of persons from medium-to-low incidence countries there are groups with distinguishable characteristics.

![Age and genotype clustering characteristics of immigrants with ≥10 years in Canada.\
Median and interquartile range, coloured to indicate persons born outside Canada in high-incidence tuberculosis countries (≥30 per 100,000), and medium-to-low incidence tuberculosis countries (\<30 per 100,000). (A) Age at immigration. (B) Age at tuberculosis diagnosis.](pone.0216271.g004){#pone.0216271.g004}

Discussion {#sec016}
==========

The present study utilized two large cohorts--an immigration cohort with data collected from more than 300,000 individuals, and a genotyping cohort representing 2,290 active TB cases--to investigate the relationship between birth country TB incidence and other immigration-related factors for persons born outside Canada, and TB epidemiology in BC. We found that emigrating from a high-incidence country was associated with increased rates of TB disease, but a decreased likelihood of being involved in a local transmission cluster in BC as compared to individuals emigrating from medium-to-low incidence countries. Our results further suggested that, more recent migrants from high-incidence countries largely represented LTBI reactivation, whereas, long-time residents of Canada from lower incidence regions represent two distinct groups: (i) LTBI reactivation likely related to advanced age, from infections acquired prior to emigration in an era where TB was more prevalent in countries now considered low incidence \[[@pone.0216271.ref028]\], and (ii) those who have acquired TB locally--as determined by genotypic clustering and risk factors similar to those typically associated with local transmission in low-incidence settings \[[@pone.0216271.ref029],[@pone.0216271.ref030]\]. Other low-incidence countries have similarly noted differences in TB rates and likelihood of local transmission according to length of time since immigration \[[@pone.0216271.ref031],[@pone.0216271.ref032]\].

Our findings thus underscore the important notion that persons born outside Canada are not a homogeneous group when it comes to local transmission or risk factors. Lack of available data may limit the ability to report more detailed demographic data in many surveillance and population-based studies, particularly an inability to disaggregate data on diverse groups of people \[[@pone.0216271.ref013],[@pone.0216271.ref033]\]. But given the goal of surveillance or research is an accurate understanding of TB epidemiology, our results highlight that it is important to report findings at a more granular level to obtain an unbiased picture. This study demonstrated in large, representative, population-based samples that describing people as "foreign-born" is clearly an oversimplification and could lead to bias in our understanding of TB epidemiology and overestimation of local transmission of imported TB. At a minimum, splitting persons born outside of Canada into two groups--people born in high-incidence countries and people born in medium-to-low-incidence countries, will more accurately capture true TB risk.

Strengths and limitations {#sec017}
-------------------------

A major strength of the present study was the availability of data from large retrospective cohorts spanning multiple years. Yet it should be noted that this study was limited to a single, albeit large and diverse, Canadian province and our results may not be generalizable to all low-incidence settings. Further analysis within the background of other TB risk factors, such as socioeconomic status, may provide additional insight into the influence of birth country on TB rates and patterns of transmission; however, these additional risk factor data were not available for the present cohorts. Additionally, the use of genotyping to understand local transmission has inherent limitations. First, genotyping requires an *Mtb* isolate, and thereby excludes culture-negative cases--approximately 20% of TB diagnoses in BC \[[@pone.0216271.ref015]\]. However, these often represent extrapulmonary TB cases, which are seen more frequently in individuals born outside a low-incidence country, and both of these factors decrease the likelihood of involvement in a local transmission chain and having an *Mtb* isolate which belongs to a genotype cluster \[[@pone.0216271.ref034]--[@pone.0216271.ref036]\]. Second, genotyping by MIRU-VNTR examines only 24 loci across the genome and may not provide the discriminatory power necessary to identify true local transmission clusters, although this is unlikely to affect the conclusions of the present study as whole genome sequencing studies have supported MIRU-VNTR clusters representing transmission amongst locally born persons \[[@pone.0216271.ref037],[@pone.0216271.ref038]\] and conversely has demonstrated that MIRU-VNTR clusters of *Mtb* isolates from immigrants overestimates local transmission \[[@pone.0216271.ref039],[@pone.0216271.ref040]\], which aligns with the epidemiological data of our MIRU-VNTR clusters.

The problem with using "foreign-born" as a risk factor {#sec018}
------------------------------------------------------

Canada's population, like many low-incidence TB countries, is widely diverse and represents a multicultural mosaic, welcoming \>250,000 permanent residents from \~200 countries in 2015 \[[@pone.0216271.ref041]\]. More than half of new permanent residents come from ten countries, where TB incidence ranges from low (USA, France, UK) to high (Philippines, India, China, Pakistan, Nigeria) and those in between (Iran, Syria) \[[@pone.0216271.ref041]\]. As the second-largest immigrant receiving province, many people settle in BC \[[@pone.0216271.ref042]\]. Recognizing the diversity within migrant populations to low incidence countries such as Canada and tailoring interventions to those at the highest risk for TB reactivation is clearly important; however, there is a fine balance between describing higher "risk" groups and developing targeted interventions while not reinforcing stigma. Stigma and concerns about immigration status amongst newcomers to Canada may delay individuals from seeking treatment \[[@pone.0216271.ref006]\]. Furthermore, the media's portrayal of migrants as a potential public health risk--bringing diseases such as TB and spreading them to local populations--contributes to this stigma \[[@pone.0216271.ref043],[@pone.0216271.ref044]\]. In reality, data from molecular epidemiology studies show that immigrants to low-incidence TB countries who are subsequently diagnosed with TB rarely transmit TB outside of their immediate family \[[@pone.0216271.ref007],[@pone.0216271.ref010],[@pone.0216271.ref045]\]. Therefore, reporting genotypic clustering, which is often a proxy for TB transmission, without considering birth country incidence and other demographic factors can inflate the proportion of local transmission attributable to foreign birth, inaccurately portraying the risk to the public of TB spread from imported disease.

Conclusion {#sec019}
==========

TB surveillance data and population research provide the evidence upon which many public health programs and policies are based \[[@pone.0216271.ref046]\]. Substantial evidence will be needed to define the optimal strategy to achieve TB elimination, but a first step towards this is for TB surveillance programs and population studies to recognize the diversity amongst people with TB and to analyze data with the understanding that people born abroad represent populations with variable risks of TB disease. Categorizing persons born outside Canada beyond simply "foreign-born", particularly in the context of TB epidemiologic and molecular data, is necessary for a more accurate understanding of TB rates and patterns of transmission in low incidence regions.

Supporting information {#sec020}
======================

###### Characteristics of persons arriving in Canada ≥10 years prior to tuberculosis diagnosis, categorized by birthplace incidence and genotype clustering status.

(PDF)
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Click here for additional data file.
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